Compact, vacuum-compatible submillimeter viewing dumps, whose design parameters were based on the results of simple ray calculations, have been fabricated from Pyrex, Macor, and alumina. The measured performance of the dumps agrees qualitatively with calculated results. The absorption is somewhat lower than expected, but still acceptable(> 99% absorption for Pyrex and Macor). In an electron cyclotron plasma emission experiment on Alcator C tokamak, comparison of the emission spectra with and without the dump shows that the dump in this configuration is effective in supressing the unwanted radiation by approximately 90%.
INTRODUCTION
Vacuum compatible viewing dumps that absorb electromagnetic radiation in the far infrared and millimeter wavelengths are required in plasma experiments such as electron density profile measurements using ECE(electron cyclotron emission) [1] , and ion temperature measurements using FIR Thomson scattering [2] . Without viewing dumps, these measurements are severely contaminated by reflections off the metallic walls. In this paper, the design and performance of submillimeter viewing dumps constructed for an ECE experiment on Alcator C tokamak [3] is discussed.
A simple approach of using an eccosorb screen, for example, is not satisfactory for this purpose since the dump must be compatible with the high vacuum and the high temperature environment of the plasma confinement vessel.
In the past, dumps made of graphite have been used at 385pm(780GHz) for Thomson scattering in-Alcator C [4] , but with little success owing to graphite's relatively high reflectivity. Eccosorb filled glass capsules have been used at frequencies below 30GHz, providing increase in measured polarization of ECE from the Tokapole device [5] . The requirements for dumps discussed here include high absorptivity in the wide frequency range of 100GHz to 1000GHz and plasma compatibility.
I. DESIGN AND FABRICATION
An absorptivity of greater than 99% is used as the design goal of the dumps for the ECE diagnostic. A spatial constraint, arising from the small access and limited space in Alcator C [6] limits the size of the dump(especially the thickness)
to 7cm x 7cm x 1cm. For design purposes, two assumptions are made. They are;
(1) the dump material is chosen to have a large absorption coefficient although still with the real part of the refractive index much greater than the imaginary part, and (2) geometrical optics is valid. The first assumption allows us to consider the fraction of the ray which is transmitted into the material to be completely absorbed. The second assumption allows us to execute simple ray-tracing to plot the ray trajectory. The ray's angle of incidence obtained in this way enables the calculation of the transmitted and the reflected electric field components for a given wave polarization and the refractive index of the material. These relations are given reciprocal of the absorption coefficient. In this case, a fraction of the transmitted ray can reemerge, contributing to the reflected power. The second assumption of geometrical optics breaks down when the dimensions of the viewing dump structure becomes comparable to the wavelength. Hence, both of these assumptions tend to underestimate the reflectivity for dumps of size comparable to the inverse absorption coefficient, or the wavelength, respectively.
Shapes often used for viewing dumps include conic structure, pyramid arrays, an array of horns, or straight grooves. These all have the effect of increasing absorption by inducing multiple reflections. The first three shapes are difficult to fabricate, but the reflectivity is independent of the relative orientation of the dump and the polarization vector. On the other hand, a groove structure is somewhat easier to make, but is sensitive to the polarization. The shape of the dumps discussed here is the straight groove structure, selected primarily for its ease in fabrication.
In general, the relationship between k, the number of front surface reflections before the ray reemerges from the groove, and g,, the groove angle can be written, k = , 9 (2) for a ray normally incident on the dump. A fractional k indicates that the ray eventually emerges non-normal to the dump. This relationship arises as a simple consequence of ray tracing, and is illustrated in Fig.2 , using real space(a), and semi-circle representation(b). The groove angle shown here is 45*.
Three candidate materials are selected, which have both good vacuum properties and absorption properties. They are Pyrex, Macor [8] , and alumina. All three materials are compatible with the Alcator vacuum(10Torr), with low reflectivity and high absorption coefficient. Table I shows the refractive indicies for these materials. The absorption coefficient, a(cm-1 ), at 400GHz for Pyrex, Macor, and alumina are 6.2[9, 5.1. and 0.41 [10] , respectively. From this data, Pyrex is expected to provide the best performance, followed by Macor. then alumina. Both Macor and alumina can withstand temperatures in excess of 1000*C. Pyrex has a softening point temperature of approximately 800'C. Table I are the front surface reflectivities computed using Eq. (1) for Pyrex, Macor, and alumina for normally incident rays and for various groove angles. The values indicate that for Pyrex and Macor, the design goal of 99% absorption can be achieved with a groove angle of 450 or with four reflections. The requirement becomes more critical for alumina, which requires an angle of 300. In all cases, it is seen that parallel polarized waves have much lower front surface reflectivity.
Also shown in
In spite of the calculated results of Table I , all three dumps were made with the 450 groove angle, so the alumina dump is not expected to fulfill the design goal.
The size of the dump structure was determined such that the groove spacing is 5mm and the depth is 6mm. There is also a 4mm thick substrate of the same material.
The schematic of the dump with dimensions is shown in Fig.3 (a). While it was possible to make this out of one piece of Macor by machining, Pyrex and alumina, which had to be ground, were made of many identical groove pieces as shown in 
II. PERFORMANCE
The performance of the dumps was evaluated in the frequency range 100GHz to 1000GHz. The measurement configuration is shown in Fig.4 . A mercury arc lamp[121 with a chopper is used as the broad band source, and the reflected signal is detected by the InSb detector connected to a lock-in amplifier. The spectral response of the mercury arc lamp-InSb detector system is ideally matched to the frequency range of interest, with the peak of the spectrum at 550GHz and FWHM of 700GHz [13] . To minimize the angle subtended by the source and the detector, a copper waveguide extension. was attached to the detector, placing it behind the source. In this way, a minimum angle of 20' between the source and the detector is achieved while still ensuring that the detector only see the dump surface. For polarization measurements, fine wire grid polarizers were placed in front of the source. The sample dump was held in place by an aluminum frame covered with eccosorb microwave absorber. The angular spread of the reflected radiation is obtained by scanning the detector in a circular path about the dump.
Both polarized and unpolarized radiation were used as the source. In addition, since the detector can only be scanned in the plane of the table, measurements were taken for the two orientations of the groove, vertical and horizontal (Fig.4 shows the dump in vertical orientation). A measurement with a stainless steel slab placed in the dump frame is used for reflected power normalization. Table II shows the results of specular reflection measurement for the three polarizations; unpolarized, electric field vector parallel to the plane of incidence, and perpendicular to the plane of incidence(See Fig.1 ). (H) and (V) after the dump material indicate horizontal and vertical orientation, respectively. All measurements are normalized to the specularly reflected power of the stainless steel slab(= 100).
Measured values indicate higher absorption for the parallel polarization in general, in qualitative agreement with results of Table I . The ordering of the effectiveness also agrees with the calculations. Pyrex is found to be the most effective, with Macor slightly worse, and alumina being the worst of the three. However, the quantitative agreement is only approximate for the perpendicular polarization, and is off by orders of magnitude for the parallel polarization. We believe these discrepancies are due to incomplete absorption of the transmitted power in the body of the dump, and may therefore be reduced in a thicker dump. Note that the specular reflectivity value for a given dump depends on the groove orientation. The horizontal orientation always gives larger values. In subsequent text, the angular measurements obtained with the grooves horizontal is referred to as the H-scan while the spectra with grooves oriented vertical is referred to as the V-scan. The difference in the specularly reflected power for different groove orientations is accounted for mainly by the retrospecular nature of the front surface reflected rays. As an example, the ray shown by a dashed line in Fig.2(a) enters the groove at 100 to the normal and exits it parallel to the original ray. Thus, in the V-scan, these retro-specular reflections do not get detected, and a lower value for reflected power results. Therefore, to obtain the aggregate reflection spectra over the hemisphere facing the detector, a rather simple approach is taken, of adding the retrospecular power component to the V-scan so as to make the peak value at normal reflection equal, as shown schematically in Fig.6 . Insofar as the angular distribution of reflected power can be approximated as a retrospecular peak plus other broader features, this will provide a reasonable estimate, regardless of the exact cause of the broader scattering. The total angular distribution is then taken to be the product of separate angu- Table III . It shows that the design goal of less than 1% reflection is achieved with the Pyrex dump regardless of the source polarization. The goal is also achieved for parallel polarization with the Macor dump, but alumina dump is noticeably worse.
The spectral response of the dump was measured using the mercury arc lamp source and a rapidly-scanning Michelson interferometer [14] in place of the broad .band detector. This is a particularly difficult and time consuming measurement since the level of the mercury arc radiation reflected off the dump is equivalent to 8 that of a T <30K blackbody. A single measurement was made for the Macor dump, in the H-scan orientation for the parallel polarization. The normalized reflected power curve, measured by co-addition of more than 40,000 interferograms, is shown by a broken line in Fig.7 . Further attempt to reduce the noise appears impractical.
The smoothed approximation indicated by the solid line shows less absorption at the low frequency end where geometrical optics breaks down and the absorption coefficient is lower. Small amplitude features of the smoothed curve at higher frequencies are probably not statistically significant. This inferior performance at low frequency is also supported by a separate measurement using a low pass filter at the broad band detector aperture. The frequency integrated response, appropriately weighted by the source spectrum, is in fair agreement with the value shown in Table II .
III. APPLICATION
These dumps were fabricated as a part of the vertical viewing ECE experiment, the purpose of which is to isolate the region of ECE to a narrow chord to measure the electron velocity distribution [15] . The measurement requires a specialized optical arrangement, as well as the viewing dump at the termination point.
The configuration of the experiment is shown schematically in Fig.8 . The Pyrex or Macor dump was placed at the bottom of the tokamak torus, surrounded by a .
stainless steel frame to provide additional protectign from the plasma particles.
The distance between the tip of the grooves and the limiter-defined plasma edge is approximately 1.5cm. Three front surface mirrors were used to image the plasma onto the Michelson interferometer aperture.
Second harmonic ECE profiles from thermal plasmas at a magnetic field of 8Tesla were used for the performance analysis in the range 380GHz < f S 560GHz.
These profiles, selected for their reproducibility, were taken with and without the Macor dump, and for ordinary and extraordinary modes of propagation(E 11 BT and E I BT, respectively). They are shown in Fig.9 . The dump grooves were oriented parallel to the toroidal field, so that attenuation of extraordinary mode emission is favored.
Without the dump, emission from essentially the entire plasma diameter (33cm) is observed because the intensity is dominated by the multiple passes of reflected rays through the plasma. The emission with the dumps has dramatically decreased width, corresponding to about 3cm in the major radius direction for the FWHM.
This is consistent with the calculations of beam width at the plasma center, so that most of the radiation is coming from within the line of sight.
The comparison of the emission levels from outside the line of sight shows that the optical arrangement is effective in reducing the reflected emission by ;> 90%.
This discrepancy in performance is believed to be due to a portion of the antenna pattern missing the dump and accepting reflections off the frame, even though the antenna pattern width at the dump was minimized consistent with the other optical requirements.
The Pyrex dump was found to have cracked at the groove tips (apparently because of thermal shocks) after three weeks(~ 1000 plasma discharges, t = 0.5sec/ discharge). There was no structural damage to the Macor dump(also after three weeks). No obvioi's performance degradation from either dump was observed during this period, despite metal particle deposits on the surface. Furthermore, no additional plasma impurity problems caused by the dump were observed, despite its close proximity to the plasma. 
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